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(54) Dual mode DC-DC converter and method 

(57) A single DC-DC converter and method for bat- 
tery powered operation utilizing hysteretic mode voltage 
regulation for light loads and current mode voltage reg- 
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ulation for heavy loads, with an adjustable lower current 
limit and automatic transition between modes. 
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Description 

The present invention relates to a DC-DC converter 
for battery powered operation and more specifically to a 
converter and method of managing the power, applied 
to an electronic device from a battery. 

Special power conservation methods have long 
been used in regulating the power supplied to portable 
electronic devices such as laptop computers as a func- 
tion of their activity. Generally, a DC-DC converter con- 
nects a direct current source through an averaging filter 
to the load. The load voltage is regulated to a preset 
value by controlling the length of time that the converter 
supplies current to the filter. 

The "bang-bang" technique for controlling the oper- 
ation of the DC-DC converter is well known. In prior art 
Figure 1, the supply of current from the voltage source 
V to the averaging filter L and C to the load L is either 
fully off or fully on as a function of the position of the 
switch S. In this control technique, a voltage V FB repre- 
sentative of the voltage across the load L is sensed by 
the voltage divider comprising resistors R1 and R2 and 
is compared with a reference voltage V R in a compara- 
tor 10, the binary output signal from which controls the 
operation of the switch S. Because of the hysteresis in 
the comparator 10, this technique results in overshoot- 
ing or "hunting." Bang-bang control is very efficient at 
light loads but results in high voltage ripple unaccepta- 
ble to sensitive loads. 

It is also known that high speed, high performance 
loop response may be achieved with current mode con- 
trol in which the source of current supplied is regulated 
and controlled by pulse width modulation ("PWM") or 
pulse frequency modulation ("PFM"). In these current 
mode techniques, the operation of a switch controls the 
passage of energy to the load. The length of time that 
the switch is closed is determined by modulation of 
either the width of the energy pulses passed to the aver- 
aging filter and load, (with pulse amplitude and fre- 
quency constant), or the frequency of the energy pulses 
(with pulse amplitude and width constant). Such current 
mode techniques are efficient for heavy and highly 
dynamic loads, but the efficiency decrease with the 
load. 

The known current mode control circuit illustrated in 
Figure 2 where like elements have been given like des- 
ignations to facilitate the comparison of the figures, the 
voltage across the load V FB is sensed by the voltage 
divider R1 , R2 and is compared in an operational ampli- 
fier 12 with the reference voltage V R . The output signal 
from the amplifier 12 is applied as an error signal V E to 
a comparator 14 to which a voltage V c representative of 
the current through the inductor is also applied. The 
voltage V c is generated by a suitable conventional cur- 
rent to voltage converter illustrated schematically as a 
sensor 16. The output signal from the comparator 14 is 
used to reset a flip-flop or bistable circuit F/F which con- 
trols the operation of the switch S, the flip-flop being set 
by a fixed frequency clock 17 for pulse width modula- 



tion, i.e.. the pulses are initiated at a fixed frequency but 
terminated a variable time thereafter. 

It is also known to switch between bang-bang and 
current mode control as a function of the load in an 

5 attempt to take advantage of the higher efficiency and 
dynamic response characteristics of both control meth- 
ods. In such a circuit, the DC-DC converter uses PFM 
control for heavy loads. At light loads, the converter sup- 
plies a fixed minimum of current to the load. This will 

w build up a charge on the output capacitor C and cause 
the voltage to increase. A second control loop monitors 
the output voltage to switch to the bang-bang mode. 

While the amplitude and width of the pulses remain 
a constant, the PFM technique results in a variable 

15 switching frequency which cannot be synchronized with 
a fixed external clock. In addition, such technique gen- 
erates noise at the harmonics of the switching fre- 
quency which is difficult to filter. 

With reference to the prior art circuit illustrated in 

20 Figure 3, the feedback voltage V FB is applied to both a 
voltage comparator 10 such as shown in Figure 1 and to 
a fixed gain error amplifier 20. The same reference volt- 
age V R is applied to both the comparator 10 and ampli- 
fier 20. 

25 The binary output signal from the comparator 10 is 
applied to one input terminal of an AND gate 24. The 
output signal from the amplifier 20 is applied to a com- 
parator 26 to which V c from sensor 16 is also applied. 
The output signal from the current comparator 26 is 

30 applied to the reset input terminal of a flip-flop F/F which 
is connected to the other input terminal of the AND gate 
24. 

The output signal from the AND gate 24 is used to 
control the operation of the switch S and is also fed back 
35 through an inverter 28 to trigger a monostable multivi- 
brator or one-shot O.S. with is complementary output 
terminal connected to the set input terminal of the flip- 
flop F/F. 

In operation, a feedback voltage V FB from the 

40 capacitor C lower than the reference voltage V R indi- 
cates a need for current and causes the comparator 10 
to enable the AND gate 24 and thus place the switch S 
under the control of the flip-flop until the feedback volt- 
age again exceeds the reference voltage indicating a 

45 light load and a reduced demand for current. 

Thus in normal operation at heavy loads the AND 
gate 24 is enabled from the comparator 10, with the 
opening of the switch S for a finite period of time deter- 
mined by the width of the monostable O.S. pulse and 

so the period of switch closure (and thus the frequency of 
switch operation) determined by the binary output signal 
from the comparator 26. 

The resetting of the flip-flop is under the control of 
the comparator 26 which compares V c with V E , the var- 

55 iable output signal from the error amplifier 20 which 
compares the feedback voltage to the reference volt- 
age. 

At light loads, a minimum pulse width closure of the 
switch S (due to voltage offsets and timing delays in the 
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control) causes a minimum current to develop which 
exceeds the load current. Accordingly, the voltage 
across the capacitor C rises and trips the comparator 10 
indicating that little current is needed. The tripping of the 
comparator 10 removes the enabling signal from the 
AND gate 24 and opens the switch S until the voltage 
V FB decreases to the hysteresis point of the comparator 
10, when the enabling signal from the comparator 10 is 
again applied to the AND gate 24 to again close the 
switch S. 

The present invention includes a dual mode DC-DC 
converter for supplying current to a capacitor compris- 
ing means for operation in a pulse width modulation 
mode and for operation in a hysteretic mode respon- 
sively to the charge on the capacitor and the current 
being applied to the capacitor, preferably including 
means for limiting the peak current applied to the capac- 
itor. 

The invention also includes a method of regulating 
the current supplied to a capacitor comprising the steps 
of: 

(a) sensing the charge on a capacitor to which cur- 
rent is to be supplied; 

(b) sensing the current being applied to the capaci- 
tor; 

(c) applying constant frequency current pulses to 
the capacitor in a first range of sensed capacitor 
charge; and 

(d) applying constant frequency current pulses to 
the capacitor in a second range of sensed capacitor 
charge. 

In one aspect, the present invention controls the 
supply of current as a function of the error voltage V E . 
The charge stored in the capacitor C is reflected in the 
voltage across the capacitor. Where the load is light, the 
current through the inductor to the capacitor will exceed 
that drawn therefrom by the load, and the charge accu- 
mulates in the output capacitor increasing the voltage 
thereacross. When the load is heavy, greater current will 
be drawn from the output capacitor than is being sup- 
plied through the switch and inductor, and this reduces 
the voltage of the output capacitor. Thus the voltage 
across the output capacitor is inversely related to the 
requirements of the load and directly related to the cur- 
rent though the inductor. This comparison may be used 
to control the operation of the switch in increasing or 
decreasing the charge supplied to the capacitor. 

In another aspect, the DC-DC converter of the 
present invention maintains the power stage as a cur- 
rent mode regulator during the dual mode operation, 
and thus controls the amount of current being supplied 
in both modes. This is advantageous in that voltage 
overshoot is avoided and the control transitions 
smoothly between modes. 

Advantageously, the present invention uses a 
selectively variable lower limit to allow the user to select 
the load current below which the ripple voltage 



increases. In this way, the circuit can be better tailored 
to microprocessor load characteristics. 

An object of the present invention is to provide a 
DC-DC controller and method in which the switching 
5 between control modes is automatically and smoothly 
effected. 

Another object is to provide a DC-DC controller and 
method in which the lower threshold is user adjustable, 
and the fixed frequency, current mode control is used for 
w high current loads and hysteretic control for light loads. 

The invention will now be described, by way of 
example with reference to the accompanying drawings 
in which; 

is Figure is schematic block diagram of a known sig- 
nal mode hysteretic mode or bang-bang controller. 
Figure 2 is schematic block diagram of one embod- 
iment of a known single current mode controller. 
Figure 3 is a schematic block diagram of one 

20 embodiment of a known dual mode controller. 

Figure 4 is a schematic block diagram of one 
embodiment of the controller of the present inven- 
tions. 

25 Referring to the DC-DC regulator of Figure 4 where 
like elements have been accorded like designations to 
facilitate an understanding of the present invention. 

The feedback voltage V FB is applied to a conven- 
tional differential amplifier 40 operating as a hysteretic 

30 comparator. At high load currents and normal output 
voltage (i.e. , between V R +5V and V R - 6V), the bistable 
output voltage V Q of the amplifier 40 is at a high signal 
level and is used to enable the clock 44, and the AND 
gate 46 and the comparator 40 so that the circuit oper- 

35 ates in the normal current mode control. 

The feedback voltage V FB is also compared with a 
reference voltage V R to provide the undamped error 
voltage which is applied to the limit circuit 48. This volt- 
age is compared in a comparator 50, the binary output 

40 signal from which enables the AND gate 46. 

The flip-flop which controls the switch S is set by a 
fixed frequency clock signal and reset by the signal from 
the AND gate 46. Thus the circuit operates at a constant 
frequency PWM mode. Because of the constant fre- 

45 quency, the load voltage ripple is much easier to filter. 

However, as the current through the load L 
decreases, the error voltage V E and the inductor current 
reflected by V c decrease correspondingly. The error 
voltage V E remains proportional to the load current until 

so it falls below the lower limit V H of the limit circuit 48. 
Below this level, the error voltage V E becomes a con- 
stant, V H , and the converter operates in the hysteretic 
mode. 

A current source I and a limit setting resistor R are 
55 used to provide a voltage V H , which represents the min- 
imum controlled current through the inductor. This con- 
trol voltage V H is applied as the lower limit of the limit 
circuit 48 and thus establishes the lower limit of the error 
voltage V E from the limit circuit 48. Under light load con- 
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ditions, V H is proportional to the voltage from the current 
sensor 16. 

Adjustment of the value of the resistor R deter- 
mines the value of the hysteretic voltage V H . The value 
of the resister R will normally be set by the user to fulfil 
efficiency requirements and expected load characteris- 
tics. 

In the hysteretic mode of operation, the error volt- 
age V E clamped to V H . the current provided by the con- 
verter is greater than the load current This increase in 
the charge on the capacitor C and causes the feedback 
voltage V FB to increase. The converter current is regu- 
lated by peak current control and monitored by the sen- 
sor 16. 

The feedback voltage V FB is monitored by the 
amplifier 40 and when it raises a predetermined amount 
8V above the reference voltage V R , the bistable output 
voltage of the comparator 40 transitions to the low sig- 
nal level to shut off the clock, the AND gate 46 and the 
error amplifier 42. 

Once the switch S has been opened, the capacitor 
C supplies the current to the load L and the feedback 
voltage V FB decreases. Once V FB reaches the predeter- 
mined voltage 5V below the reference voltage V R< the 
comparator 40 again transitions to the high signal level 
to enable the AND gate 46, clock 44 and error amplifier 
42. The inductor current is again regulated to continue 
the hysteretic cycle. 

Because the inductor current is regulated in both 
the peak current and hysteretic modes, the transition 
between the two modes is very smooth. 

Because the current applied to the capacitor is a 
constant frequency PWM current, the synchronous 
noise may easily be filtered. 

The availability of a controllable current in both 
modes of a dual current mode control and hystertic 
mode control for a battery powered DC-DC converter 
offers several advantages. With high load current, cur- 
rent pulses are supplied at a fixed frequency so that 
noise may easily be filtered by a suitable convectional 
filter (not shown). The loop characteristics remain con- 
stant over the load range without regard to the mode in 
which operated. This constant loop characteristic sim- 
plifies stability issues and compensation requirements 
and provides fast response time for dynamic loads. 

The clamping of the error signal insures that a min- 
imum level of current is supplied in the hysteretic mode, 
and limits the peak current avoiding excessive energy 
build-up in the inductor and load voltage overshoot. In 
addition, clamping eliminates the variability of the set 
point due to parasitic voltage offsets and timing errors. 

The adjustability of the level at which the error sig- 
nal is clamped is a significant advantage in that the high 
ripple voltage characteristic of the hysteretic mode can 
be selected by the user to a current level that is accept- 
able to the load equipment. 

A single DC-DC converter and method for battery 
powered operation utilizing hysteretic mode voltage reg- 
ulation for light loads and current mode voltage regula- 



tion for heavy loads, with an adjustable lower current 
limit and automatic transitiorvbetween modes. 

Claims 

5 

1 . A dual mode DC-DC converter for supplying current 
to a capacitor comprising means for operation in a 
pulse width modulation mode and for operating in a 
hysteretic mode responsively to the charge on the 

10 capacitor and the current being applied to the 
capacitor, preferably including means for limiting 
the peak current applied to the capacitor. 

2. A converter as claimed in claim 1 including means 
is for selectively adjusting the peak current applied to 

the capacitor. 

3. A converter as claimed in one of claims 1 or 2 
including means for insuring the application of a 

20 predetermined minimum current to the capacitor, 
preferably in the hysteretic mode. 

4. A converter as claimed in claim 3 including means 
for selectively adjusting the minimum current 

25 applied to the capacitor. 

5. A method of regulating the current supplied to a 
capacitor comprising the steps of: 

30 (a) sensing the charge on a capacitor to which 

current is to be supplied; 

(b) sensing the current being applied to the 
capacitor; 

(c) applying constant frequency current pulses 
35 to the capacitor in a first range of sensed 

capacitor charge; and 

(d) applying constant frequency current pulses 
to the capacitor in a second range of sensed 
capacitor charge. 

40 

6. A method as claimed in claim 5 including the step of 
selectively adjusting the first and second range. 

7. A method as claimed in claim 6 wherein the range 
45 is selectively adjusted by the selective clamping of 

a current related to the sensed charge on the 
capacitor. 

8. A method of regulating the current supplied to a 
so capacitor comprising the steps of: 

(a) controlling the current applied to a capacitor 
by peak current control for loads above a pre- 
determined threshold; and 
55 (b) controlling the current applied to the capac- 

itor by hysteretic mode for loads below a prede- 
termined threshold. 

9. A method as claimed in claim & wherein the peak 
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current control is by pulse width modulation of fixed 
frequency current pulses. 

1 0. A method as claimed in claim 8 or 9 wherein a min- 
imum of current is applied to the capacitor in the s 
hysteretic mode. 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



5 



EP 0 759 653 A2 




EP 0 759 653 A2 




FIG. 3 

PRIOR ART 
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